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Introduction
The use of hydrostatic pressure as a technique for modifying the local geometry of small molecular crystal structures is a rapidly expanding field. Much recent work has shown that pressure can be used to induce polymorphism, 1 adjust intermolecular interactions 2 and tune the size of intermolecular voids. 3 The voids found within the crystal structure at ambient conditions have been found to have a significant influence on the effects of pressure, with the primary consequences of compression tending to be reduction of these voids.
The voids, or cavities, in a structure can also be of considerable importance in terms of the properties and reactivity of the compound. Examples of this include nanoporous dipeptide structures that can host organic solvents, 4 clathrate compounds which can encapsulate larger molecules 5 and crown ethers, such as 18-crown-6
which forms different types of complex with Na + , K + and Rb + due to the relative sizes of the ions compared to the intramolecular cavity within the crown ether. 6 Salicylaldoxime [Scheme 1a] forms hydrogen bonded dimers, both in solution and in the solid state, which create a pseudo-macrocyclic cavity within the hydrogen bonded ring motif [Scheme 2]. The compound can form bis-salicylaldoximato complexes with transition metal ions by deprotonation of the phenol groups. The bis complex is further stabilised by hydrogen bonding between the two bidentate ligands. Salicylaldoxime is known to be highly selective for complex formation of copper(II) over other transition metal ions due to the compatibility of the ionic radius of Cu 2+ with the size of the intermolecular cavity within the hydrogen bonded ring. 7 As a result of this, derivatives of salicylaldoxime are used as solvent extractants in the hydrometallurgical recovery of copper, a process which accounts for around a third of annual production. 8 In a recent study of phase I of salicylaldoxime we showed that the size of the pseudo-macrocyclic cavity formed in the centre of the hydrogen bonded dimer can be reduced by the application of pressure. 9 The ligands used industrially for copper solvent extraction are salicylaldoximes derivatives incorporating substituents at different points of the molecule, principally to impart kerosene solubility, but it is known that such substituents also influence extractant strength and selectivity. 10 In this paper we consider how the effects of the application of pressure and of changing the nature of substituents close to the metal binding site influence the structure in the solid state and the size of the pseudo-macrocyclic cavity available to a metal ion. The compounds studied were 3-chlorosalicylaldoxime, 3-methylsalicylaldoxime, 3-methoxysalicylaldoxime and 3-tert-butylsalicylaldoxime and results are compared with those for unsubstituted salicylaldoxime.
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Experimental

General comments
All solvents and reagents were used as received from Aldrich and Fisher. 1 H and 13 C NMR were obtained using a Bruker AC250 spectrometer at ambient temperature. Chemical shifts (δ) are reported in parts per million (ppm) relative to internal standards. Hydrogen numbering in 1 H NMR data refers to Scheme I (a-e).
Fast atom bombardment mass spectrometry (FABMS) was carried out using a Kratos MS50TC spectrometer with a thioglycerol matrix. Analytical data were obtained using a Carlo Erba CHNS analyser at the EastChem Microanalytical Service.
Synthesis
3-methylsalicylaldoxime, 3-methoxysalicylaldoxime, 3-chlorosalicylaldoxime and 3-tert-butylsalicylaldoxime (Scheme I) were synthesised according to the literature method. 
Crystal growth
The samples were recrystallised by slow evaporation of a concentrated solution of hexane/chloroform (for 3-Me-and 3-t Bu-salicylaldoxime), chloroform (for 3-Me-salicylaldoxime) or dichloromethane (for 3-Clsalicylaldoxime). A colourless block of each compound was cut to the required dimensions for high pressure crystallography.
Initial pressure experiments on 3-chlorosalicylaldoxime showed that the crystals were made up of layers and upon application of pressure the crystals were inherently prone to shearing in the direction of these layers.
This meant that it was very difficult to obtain high-quality compression data when using a single crystal cut 
High Pressure Crystallography
Crystal structures at ambient temperature and pressure have been reported separately. 13 High-pressure experiments were carried out using a Merrill-Bassett diamond anvil cell (half-opening angle 40), equipped with brilliant-cut diamonds with 600m culets and a tungsten gasket. 14 A 1:1 mixture of npentane and isopentane was used as a hydrostatic medium for 3-methyl-, 3-methoxy-and 3-tertbutylsalicylaldoxime; the 4:1 methanol/ethanol mother liquor from crystal growth (see above) was used for 3-chlorosalicylaldoxime. Due to the high volatility of the n-pentane/isopentane solution, the cells loaded with this medium were cooled in dry ice prior to loading. A small ruby chip was also loaded into each cell as the pressure calibrant, with the ruby fluorescence method being used to measure the pressure. 15 In the case of 3-chlorosalicylaldoxime, the crystal scattered relatively strongly and so data were collected on a Bruker-Nonius Data collection and processing procedures for the high-pressure experiments followed previous studies. 16, 17 Integrations were carried out using the program SAINT, 18 and absorption corrections with the programs SHADE 19 and SADABS. 20 Data collections were taken in approximately 1.0 GPa steps from between 0.2 -0.5 GPa up to the highest pressure at which usable data could be collected -between 5.0 and 6.2 GPa.
Determination of the cell constants of 3-tert-butylsalicylaldoxime at 1.0 GPa showed that a single-crystal to single-crystal phase transition had occurred to a new polymorph, which we have designated 3-tertbutylsalicylaldoxime-II. The phase transition did not appear to cause significant degradation of the crystal quality, so the compression study was continued up to the limits of the hydrostatic medium. No phase transitions were found in the single crystal compression studies of the 3-chloro, 3-methyl or 3-methoxysalicylaldoximes in the pressure ranges studied.
Refinements of the compressed forms of each compound were carried out starting from the co-ordinates determined at ambient pressure. The structure of the new phase of the t-butyl derivative (3-tertbutylsalicylaldoxime-II) was solved by direct methods using the program SIR92 and refinements of the subsequent high-pressure datasets were carried out starting from these coordinates. Refinements were carried out against |F| 2 using all data (CRYSTALS). 21 Extreme outlier reflections (e.g. those partially cut-off by the pressure cell, or overlapping with diamond reflections or Be powder lines) were omitted from the refinement.
Listings of crystal and refinement data are given in Table 1 . Crystal structures were visualized using the programs MERCURY 22 and DIAMOND. 23 Analyses were carried out using PLATON, 24 as incorporated in the WinGX suite. 25 Searches of the Cambridge Structural 
PIXEL Calculations
The final crystal structures obtained were used to calculate the molecular electron density at each pressure by standard quantum chemical methods using the program GAUSSIAN98 29 with the MP2/6-31G** basis set. Hatom distances were set to standard neutron values (C-H = 1.083 Å, OH = 0.983 Å). The electron density model of the molecule was then analysed using the program package OPiX 30, 31 which allows the calculation of dimer and lattice energies. The output from these calculations yields a total energy and a breakdown into its electrostatic, polarisation, dispersion and repulsion components.
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Results
The structures of the substituted salicylaldoximes at ambient pressure 3-Methyl-, 3-methoxy-and 3-chloro-salicylaldoxime all crystallise with one molecule in the asymmetric unit, while the asymmetric unit of 3-tert-butylsalicylaldoxime contains two molecules. Prior to this work only one of the four compounds studied, 3-methoxysalicylaldoxime, had been crystallographically characterized. 33 Each of these structures exhibits intramolecular phenolic O5*-H5*…N2* hydrogen bonds and intermolecular oximic O1*-H1*…O5* hydrogen bonds (where * = 1 or 2 for 3-tert-butylsalicylaldoxime). The latter form a dimer motif across an inversion centre ( Figure 1 ) in a similar manner to that seen in salicylaldoxime 9 for which the graph-set descriptor is   The colour scheme is the same as in Fig. 1 .
The phase transition in 3-tert-butylsalicylaldoxime
The phase transition from 3-tert-butylsalicylaldoxime-I to 3-tert-butylsalicylaldoxime-II occurs between 0.2 and 1.0 GPa and proceeds from one single crystal to another single crystal. The space group changes from P-1 to I2/a, the two crystallographically independent molecules of the triclinic phase becoming equivalent after the phase transition. The non-covalent interaction motifs of the structure remain essentially the same through the phase transition with the structure retaining the   
The response to pressure of the substituted salicylaldoximes
The effect of pressure on the substituted oximes is anisotropic, the changes in unit cell dimensions with pressure, are given in Tables 1(a) The changes in non-covalent interaction geometries with pressure for the series of compounds are shown in Table 2 . Consistently across the series of compounds the least compressible interaction is the intramolecular phenolic OH…N hydrogen bonding interaction (O…N distance decreases by between 1.5 and 2.2 %). The other conventional hydrogen bond in the structures, the oximic intermolecular OH…O interaction, is more compressible (the O…O distance decreases by between 4.7 and 6.5 %). These hydrogen bonding interactions retain roughly the same donor-hydrogen-acceptor angles with compression, so the conformation of the hydrogen bonding ring in each structure remains essentially unchanged. The deviation from planarity of the   (2) 3.314(2) 1.643 (2) 3.238(2) 1.607 (2) 3.167(2) 1.573 (2) 3.139(2) 1.571 (2) 3.117(2) 1.563 (2) 3.080(2) 1.550 (2) Symmetry Operators: (2) 3.612(6) 3.249 (5) Symmetry Operators: i x,y,z ii 0.5-x,0.5-y,0.5-z iii 0.5-x,1.5-y,0.5-z ↑ (e) Non-covalent interaction parameters in 3-tert-butylsalicylaldoxime-II. Distances are in Å, and angles in ° The most compressible of the three non-covalent interactions in the structures is the π-π stacking interaction, which can be described by the perpendicular distance between the least-squares mean plane of one phenyl ring to the centroid of another (stacking distances decrease by between 11.2 and 14.9 %).
Discussion
The effect of pressure on cavity size in the substituted salicylaldoximes
The size of the intermolecular cavity, which occurs within the hydrogen bonded ring motif, can be studied by measuring the mean distance from the metal to the donor atoms of the ligands (i.e. O5, N2) to the centroid of the dimer. This distance was shown 9 to decrease approximately linearly in the case of salicylaldoxime-I within the pressure range of 0-5.3 GPa. Figure 5 shows a graph of the cavity size as a function of pressure as determined in this study. We can see that the cavity sizes decrease for all the compounds and, with the exception of the tert-butyl phase I (from 0 -1 GPa in Figure 5 ), with very similar gradients.
The cavity size at ambient pressure is found to be markedly dependent on the nature of the 3-substituent which is ortho to the phenolic OH group (X in Scheme 2). The trend appears to be related to the ability of the substituent to accept a hydrogen bond. If it has a lone pair capable of accepting a hydrogen bond, the oximic hydrogen can in principle form an asymmetric bifurcated hydrogen bond, encouraging the molecules to approach each other more closely (see Scheme 2) . On this basis the 3MeO-and 3Cl-are expected and are found to have the smallest cavity radii (Table 3 ) Conversely when the 3-substituent is bulky it will weaken the oximic H to phenolic O hydrogen bonding and a larger cavity will result, as in the 3-t-Bu compound (see Table 3 ). . The cavity size for the tBu derivative is the average for the two molecules comprising the asymmetric unit. In order to test this theory a set of energy calculations were performed using the geometry of the crystal structures and the PIXEL method, 32, 38 which models intermolecular interaction energies in terms of Coulombic, polarization and dispersive-repulsion contributions. PIXEL energies were calculated first for each dimer and then for the same geometry but with the substituent replaced by an H atom. The differences are reported in Table 3 .
The Coulombic term favours the association of the dimer when the 3MeO-and 3Cl-are present (Table 3) which is consistent with their H-bond acceptor properties whilst it disfavours association for the 3Me-and the 3-t-Bu substituted compounds. A large repulsion term (E rep ) is seen for the t Bu-substituted ligand, which may explain both its large hole size and poor extractive efficacy. However, the method also suggests there is a slightly stronger net attraction between the two halves of the Me and t Bu substituted dimers than in the unsubstituted system. Both have large, favourable dispersion terms, E disp , due to the number of electrons in the substituents, though it is possible that this term may be over-estimated as it is the most parameterised in the PIXEL formalism.
39 Figure 5 shows that the relative compressibilities of the hole sizes in the five different compounds are quite similar, no doubt reflecting the similarity of the interactions involved. The relative changes in cavity size (= cavity size at ambient pressure / cavity size at 5 GPa) are 1.031(4) (Me) and 1.031(6) (Cl) 1.036(3) (H), 1.043(2) (OMe) and 1.054(3) (tBu). Though these data refer to compression of an entire crystal structure, not an isolated dimer, it is noteworthy that the compressibility of the 3-tert-butylsalicylaldoxime cavity is greater than the other salicylaldoximes, and the hole size becomes smaller than that of the 3-methyl and unsubstituted compounds at elevated pressure. This is counter-intuitive as the tert-butyl group is expected to be sterically repulsive: indeed steric effects have been used to explain the weakness of this ligand in binding Cu 2+ at ambient pressure. 13 An important practical consequence of the data presented in Figure 5 is that the combination of varying the nature of the 3-substituent and of changing the pressure can change the N 2 O 2 cavity radius between 1.87 and 2.04 Å. This range spans the covalent radii of many of the 1 st transition series metal dications and should allow the selectivity of metal extraction to be tuned using pressure. 
Analysis of non-covalent interactions under compression
The effect of pressure on the intermolecular interactions within the substituted salicylaldoximes is nonuniform. There are three main non-covalent interactions which are found in each of the different compounds; the phenolic OH…N intramolecular hydrogen bond, the oximic OH…O intermolecular hydrogen bond and the π-π stacking interaction. The OH…N intramolecular hydrogen bond is the least compressible non-covalent interaction in the structures and is relatively consistent across the series of compounds due to the rigidity of the salicylaldoxime molecular geometry. The oximic OH…O hydrogen bond geometry is not restricted by the covalent bonds of the molecule and thus is considerably more compressible than the intramolecular hydrogen bond. Figure 6 shows a graph of the variation in the donor to acceptor distances for the OH…O hydrogen bond as a function of pressure for each of the compounds. The oximic hydrogen bond in the 3-methoxysalicylaldoxime structure is considerably shorter than the corresponding interaction in the other compounds both at ambient pressure and when compressed. As described above, this is ascribable to the availability of the methoxy oxygen atom as a secondary hydrogen bond acceptor ( Figure 7 ). The shapes of the H, Me, and Cl curves are very similar though, so it would appear that changing the substituent can modify the length of the OH…O interaction and thus the size of the pseudo-macrocyclic cavity at ambient conditions, but doesn't significantly affect the compressibility of the interaction. The stacking interaction in these structures is seen to be more compressible than the hydrogen bonds but, as PIXEL calculations on the salicylaldoxime compression study showed, 9 the interactions can become very repulsive at shorter distances. This sharp increase in repulsion as the stacking distance reaches its minimum means that the interaction can become important in terms of both anisotropic compression and phase transitions. To analyse the compression of these stacking interactions it is useful to compare them to similar interactions found at ambient conditions. The stacking interaction between phenyl groups can be described using the angle between phenyl ring planes, the perpendicular distance between the groups (stacking distance) and the parallel distance between groups (stacking offset). A search of the CSD was performed for phenyl groups interacting in a stacking configuration with planar angle < 10˚, stacking distance < 4.5 Å, stacking offset < 4.0 Å, 3D coordinates and R-factor < 0.05 in organic-only structures without errors or disorder. Figure 8 shows a graph of stacking distance against stacking offset for all the interactions found in the CSD.
Also shown are the stacking contacts in the five salicylaldoxime compression studies performed to date. This graph shows that the stacking interaction for each compound is at a normal distance at ambient conditions, but as pressure is increased the interactions are compressed to the limits of similar interactions seen at ambient Page 24 of 29 pressures. The salicylaldoxime crystal structure was seen to undergo a phase transition between 5.3 and 5.9
GPa. 9 This was believed to be caused in part by the stacking interaction reaching the limits of similar interactions found at ambient conditions. The data in Figure 8 suggests that each of the substituted salicylaldoximes studied here may also be close to a phase transition at the highest pressures obtainable in this study. The range of pressures that were obtained in the experiments described in this paper was limited by the hydrostatic pressure medium, the tungsten gasket and the single crystals themselves. It would be interesting to investigate the phase behaviour of salicylaldoximes at elevated pressures using powder methods.
Conclusions
The crystal structures of salicylaldoxime and the four 3-substitued derivatives (OMe, Cl, Me and t Bu) examined in this study comprise pseudomacrocyclic dimers based on an   10 complexes after they have formed. The size of the cavity at the centre of the pseudomacrocycle is known to influence the binding-selectivity of metal ions, and the aim of this study was to investigate the extent to which the size of this cavity (and presumably metal-ion selectivity) can be varied with pressure.
The crystal structures at ambient pressure show that the size of the cavity varies according to the ligand occupying the 3-position of the salicylaldoxime ring. The smallest cavity was observed for the OMe derivative, and H-bonding analysis combined with PIXEL calculations were used to show that interligand Hbonding involving the OMe group (see Figure 7) supports the H-bonds of the   10
